The physical properties of Ne-Xe DC glow discharges at low pressure are reported for a gap length of 1 cm for the first time in the literature. The model deals specifically with the first three moments of Boltzmann's equation and includes the radiation processes and metastable atom densities. The spatio-temporal distributions of the electron and neon and xenon ion densities, the neon and xenon metastable atom densities, the electric potential and the electric field as well as the mean electron energy are presented at 1.5 Torr and 250 V. The current-voltage characteristic is shown at 3 Torr, and it is compared with previous work for pure neon gas. The model is validated theoretically and experimentally in the case of pure gas.
Introduction
Glow discharge plasmas in pure or mixed gases [1] [2] [3] are very important for industrial and medical applications. Our understanding of the phenomena of physical gas discharges is still incomplete because many particle transport parameters in pure or mixed gases are unknown. Plasma technology in gas mixtures has been studied by several authors. Ono et al [4] studied an O-N gas glow discharge plasma via the many chemical reactions in their model. Khomich et al [5] treated the problem of metal surface modification due to atomic deposition by a N-Ar glow discharge in an abnormal regime. Ponduri et al [6] analyzed the dissociation of CO 2 by a dielectric barrier glow discharge, and found that many species take part in the discharge phenomenon. Baadj et al [7] investigated a Xe-Cl 2 gas mixture for a XeCl * exciplex lamp by means of a zero-dimensional model. Li et al [8] studied the plasma jet length in Ne, Ar, He and Kr at atmospheric pressure for excimer molecules formatted from the metastable state of the atomic gases, and identified three modes at different gas flow rates: laminar, transition and turbulent jet modes.
There are many industrial applications of Ne-Xe gas mixtures, for example plasma display panels [9] [10] [11] [12] . For all these applications the pressure of the pure gas or mixed gases is almost equal to atmospheric pressure. In this work, the electrical characteristics of Ne-Xe glow discharges are investigated at low pressure. The Ne-Xe mixture is studied at low pressure due to the absence of a dielectric barrier in our model.
In a pure gas, our model, as a mentioned by Alili et al [13] , has been verified theoretically [14] and experimentally [15] [16] [17] [18] ; it was also verified experimentally by Stankov et al [2] . In our model many processes are responsible for creating the discharge, but in reality these processes are strictly dependent on the electron energy. So in the case of a gas mixture, and by changing some parameters (mobility, diffusivity, etc), the chemical processes are still responsible for creating the discharge, and the present model still gives the correct results.
For this study, we first needed the transport parameters and rate coefficients for a 0.9Ne-0.1Xe gas mixture. BOLSIG + software [19] or LXcat [20] can be used to obtain these data for pure and mixed gases. In section 2, the kinetic scheme of the processes and their modeling are illustrated.
This section contains the boundary conditions and initial values and the method of solution. The results are discussed in section 3. Finally a conclusion is given in section 4.
Kinetic scheme of the processes and their modeling
The different processes in a Ne-Xe glow discharge are estimated in order to give a more detailed description of the exiting electric discharge and the stationary state (see table 1 ). The elastic collision process for neon and xenon gases is determined according to Sigeneger et al [21] and Gaens et al [22] to obtain the coefficients P ec Ne and P .
ec Xe The chemoionization process for Ne is taken from Sheverev et al [23] and for Xe from Kolokolov et al [24] . Since we use the metastable atom density in our model, the corresponding lifetimes (τ) [25] for neon and xenon are introduced again in the gas mixture model. The radiation process for neon is taken from Eugene [26] and for xenon from Meunier et al [27] . The chemo-ionization-de-excitation process for xenon and neon is taken from Levin et al [28] . Stepwise ionization processes are used in our model to give a description of the ionization of the metastable atom densities of neon and xenon gases; the rate coefficients corresponding to these processes are calculated according to the approximation by Vriens et al [29] .
Therefore, the mathematical model corresponding to the kinetic scheme reads: e and e 0 denote the free space permittivity and elementary charge, respectively.
The particle fluxes of electrons, ions, metastable atoms and electron energy are determined according to Becker et al [14] , and Alili et al [13] : -Torr [31] where p is the gas pressure in Torr.
The neon ion mobility
Ne m + ( ) in a Ne-Xe mixture is taken as equal to the neon ion mobility in pure neon [32] . The xenon ion mobility Xe m + ( ) in a Ne-Xe mixture is calculated using Blanc's law [27, 33] . The Einstein relation [34] is used to determine the neon ion diffusivity in a Ne-Xe mixture D D ee and e m e represent the diffusion coefficient and mobility of electron energy, respectively. The transport parameters of electrons in a 0.9Ne-0.1Xe mixture depend on the mean electron energy, and are calculated by BOLSIG+ software. Figure 1 gives more detail of electrode geometry as well as the initial and boundary conditions employed in the Ne-Xe glow discharge. The Scharfetter and Gummel [35] scheme has been employed for the resolution of the differential equations.
Results and discussion of Ne-Xe glow discharge

Spatio-temporal distributions
In this section we present the glow discharge behavior of 0.9Ne-0.1Xe gas mixtures at 1.5 Torr and a gas temperature of 300 K. The DC applied potential is equal to −250 V. The secondary electron emission coefficient for neon is 0.26 [36] and for xenon 0.03 [37] . The integration time step is taken as 10 −11 s [13, 14] and the number of points in space is equal to 250 [13, 14] .
The behavior of a glow discharge in a 0.9Ne-0.1Xe gas mixture is illustrated in figure 2 by the temporal distribution of the electric potential (a), electron density (b), neon ion density (c), xenon ion density (d), neon metastable atom density (e), xenon metastable atom density (f), electric field (g) and mean electron energy (h). We note that the behavior of the glow discharge is very classical, as characterized by the Laplacian region at the beginning of the simulation (10 −11 to 1.2 × 10 −5 s). The profile of the electric potential is strictly linear from the anode to the cathode. This is a consequence of the negatively (electrons) and positively (neon and xenon ions) charged species that are present, with the the number of neon and xenon ions being are identical to the number of electrons. Consequently, the resulting space charge density is approximately zero. Then, the electric field (see figure 2(g) ) is quasi constant in this region and takes a value of −250 V cm −1 . The mean electron energy is equal to 1 eV at 10 −11 s due to the initial electron energy that is present; the mean electron energy reaches 17 eV at a simulation time of 1.2 × 10 −5 s (see figure 2(h) ). The behavior of the neon and xenon metastable atom densities is also classical, the values being approximately constant in this zone. Spatio-temporal distribution of electric potential (a), electron density (b), neon ion density (c), xenon ion density (d), neon metastable atom density (e), xenon metastable atom density (f), electric field (g), and mean electron energy (h) in Ne-Xe gas mixtures at 250 V and 1.5 Torr.
For simulated times between 1.2 × 10 −5 and 2.4 × 10 −5 s, we note the pseudo appearance of the falling cathode region in the distribution of the electric potential and electric field (see figures 2(a) and (g)); this phenomenon results in a large space charge. We observe that the xenon ion density is significant compared with the neon ion density because the ionization energy of xenon is lower than that of neon. We also note that the xenon and neon ion densities are much higher than the electron density in the cathode region (see figures 2(b)-(d) ). The neon metastable atom density is greater than the xenon metastable atom density in this region (see figures 2(e) and (f)). The mean electron energy (see figure 2(h) ) is very significant in this region due to the presence of a strong electric field. We remark that both the electric potential and the electric field are approximately constant because the space charge is negligible. This region is called plasma or negative glow. In this region, the electron and xenon ion densities are much higher than the neon ion density due to the ionization threshold of neon and xenon gases (the ionization energy of xenon is 12.12 eV and for neon it is 21.56 eV). So, more positive xenon ions are produced by ionization processes than positive neon ions. We remark also that n m Xe is greater than n m Ne due to the excitation threshold of neon and xenon gases, the excitation energy of xenon being 8.31 eV and of neon 16.6 eV. This is another reason for the metastable atom density of xenon being higher than that of neon. The value of e e is lower in this region because the electric field is lower.
From 2.4 × 10 −5 until 3.6 × 10 −5 s, the behavior of the Ne-Xe gas mixture glow discharge is maintained, i.e. both cathode and plasma regions are present for all proprieties (potential, electric field, electron, and both neon and xenon ions and metastable atom densities as well as the mean electron energy). Figure 3 represents the spatial distributions of the electron, neon and xenon ion densities (a), neon and xenon metastable atom densities (b), electric potential (c), electric field (d) and mean electron energy (e) in the stationary state at 1.5 Torr pressure and 250 V applied voltage.
Spatial distributions in the stationary state
We observe the presence of three distinct regions-the cathode, anode and negative glow regions.
In the cathode region the electric potential and electric field are elevated because of the high net space charge density (see figures 3(c) and (d)). We note that as a result of the boundary conditions the potential at the cathode is equal to 250 V and the electric field is equal to −1066.44 V cm −1 . The xenon and neon ion densities are high compared with the electron density (see figure 3(a) ). As a consequence, the net charge density is very high. At the cathode the xenon ion density is 7.91 × 10 8 cm −3 and n Ne + is 1.89 × 10 8 cm −3 . Note that n m Ne is high compared with the xenon metastable atom density (see figure 3(b) ). The mean electron energy is very significant due to the presence of a strong electric field (see figure 3(e) ). The maximum value of e e is equal to 37.85 eV. In the negative glow region the spatial profiles of V and E are almost constant because the space charge is very low. The value of E is extremely low. The value of the electric potential is greater than the value at the anode, and reaches 20.9 V. The electron and xenon ion densities are almost identical, and are much greater than the neon ion density. We observe again that n m Xe is higher than n . m Ne The maximum xenon metastable atom density is 9.47 × 10 8 cm −3 . The mean electron energy is lower due to the electric field.
In the anodic region, the xenon ion density is higher than the electron density, and the neon ion density remains very low. As a result, the net space charge density is high. We remark that the spatial distributions of the electric potential and electric field both vary slightly because of the presence of a net space charge density. This variation in the electric field automatically influences the distribution of the mean electron energy.
We note that the electron species (see figures 3(d) and (e)) move from the cathode to the bulk plasma region under high electric field, causing them to gain energy. Before reaching the bulk plasma region the electrons lose energy in the ionization processes (ionization of neon and xenon). These processes result in a lot of electrons, which cannot gain an energy due to insufficient space. The energy variation in this region is almost quasi constant. In the anodic region the energy variation is stark due to the runaway electrons from the anode to the cathode under a reverse electric field. Figure 4 represents the current-voltage characteristic in a Ne-Xe gas mixture and pure neon [13] in the stationary state at 3 Torr gas pressure. We note that the addition of the xenon gas increases the current density.
Conclusion
The fluid model has been used to calculate the physical characteristics of Ne-Xe glow discharges. The continuity and momentum transfer equations and energy equation are only used for electron species. The set of equations is coupled selfconsistently by the Poisson equation, taking into account the effect of the electric field on the charged particles. The Scharfetter and Gummel scheme was used to discretize the differential equations of the transport particles, and Thomas's technical has been employed to solve each equation. The transport parameters and rate coefficients strictly depend on the mean electron energy. The BOLSIG+ software was used to calculate the input data for xenon and helium gases. Comparison between the characteristic current densityapplied potential of a Ne-Xe gas mixture and pure neon in the stationary state.
